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RESUMO 

 

LIMA, Roberta Rúbia Pinto Nogueira, D.Sc., Universidade Federal de Viçosa, dezembro de 
2022. Study of sida yellow spot virus, a begomovirus with a divergent coat protein. 
Orientador: Francisco Murilo Zerbini Júnior. 

 

Vírus do gênero Begomovirus (família Geminiviridae) são considerados um dos patógenos de 

plantas mais relevantes devido às severas perdas causadas em cultivos economicamente 

importantes. Begomovirus são transmitidos pela mosca branca Bemisia tabaci de forma 

persistente-circulativa, e a única proteína viral necessária para aquisição e transmissão pelo 

inseto vetor é proteína capsidial (CP). A CP é responsável pela especificidade pelo vetor e 

controla o transporte das partículas virais através do intestino da mosca branca, protegendo o 

vírus de degradação por enzimas, através de sua interação com a proteína GroEL produzida por 

bactérias endossimbióticas. Embora a CP seja a proteína mais conservada dos begomovírus, 

recentemente foi descrito um begomovírus bipartido com uma CP altamente divergente, 

denominado Sida yellow spot virus (SiYSV), infectando a planta não-cultivada Sida acuta 

(Malvaceae). Os objetivos desse trabalho foram determinar se o SiYSV é capaz de formar 

partículas geminadas, e realizar a caracterização biológica e molecular do SiYSV. Para o 

primeiro objetivo, a estrutura 3D da CP do SiYSV foi predita usando o AlphaFold e comparada, 

pelo mTM-align, com outras CP´s típicas de begomovírus. Além disso, cortes ultrafinos de 

plantas infectadas foram observados ao microscópio eletrônico de transmissão para detecção 

de partículas virais. Embora muito diferentes em sequência, a CP do SiYSV assume uma 

conformação 3D similar a de outros begomovírus. No entanto, partículas não foram observadas 

ao MET. Para o segundo objetivo, a gama de hospedeiros do SiYSV foi determinada e um 

ensaio de transmissão por mosca branca foi realizado. B. tabaci MEAM1 não transmitiu o 

SiYSV, e a interação entre a CP e a GroEL não foi observada por BiFC. Além disso, a 

localização subcelular das proteínas codificadas pelo SiYSV foi observada ao microscópio 

confocal e sua capacidade de suprimir o silenciamento de RNA foi analisada. Os resultados 

indicam que essas proteínas tiveram o mesmo padrão de localização esperado para begomovírus 

típicos, mas não foi observada nenhuma atividade de supressão de silenciamento. Juntos, esses 

resultados indicam que as proteínas codificadas pelo SiYSV podem atuar como as dos demais 

begomovírus, portanto a possibilidade de que o SiYSV forme um capsídeo não pode ser 

descartada mesmo que partículas ainda não tenham sido observadas. Ainda, a incapacidade de 



 

 

B. tabaci transmitir o SiYSV pode não estar relacionada a sua impossibilidade em formar 

partículas, mas sim a falta de interação entre a CP e a GroEL. 

 

Palavras-chave: Geminivírus. Proteína capsidial. Bemisia tabaci. 



 

 

ABSTRACT 

 

LIMA, Roberta Rúbia Pinto Nogueira, D.Sc., Universidade Federal de Viçosa, December, 
2022. Study of sida yellow spot virus, a begomovirus with a divergent coat protein. 
Advisor: Francisco Murilo Zerbini Júnior.  

 

Viruses of the genus Begomovirus (family Geminiviridae) are considered one of the most 

relevant plant pathogens due to the severe losses that they cause in economically important 

crops. Begomoviruses are transmitted by the whitefly Bemisia tabaci in a persistent-

circulative manner, and the only viral protein required for acquisition and transmission by the 

insect vector is the capsid protein (CP). The CP mediates vector specificity and controls virus 

transport through the whitefly gut, protecting the virus from degradation, through interaction 

with a GroEL homologue produced by endosymbiotic bacteria. Although the CP is the most 

conserved begomovirus protein, we have described a bipartite begomovirus with a highly 

divergent CP, named Sida yellow spot virus (SiYSV), infecting the non-cultivated plant Sida 

acuta (Malvaceae). The objectives of this work were to determine whether SiYSV is capable 

of forming geminate particles, and to carry out the biological and molecular characterization 

of SiYSV. For the first objective, the 3D structure of the SiYSV CP was predicted using 

AlphaFold and compared with other typical begomovirus CP's by mTM-align. Then, ultrathin 

sections of infected plants were observed under a transmission electron microscope for 

detection of viral particles. Although very different in sequence, the SiYSV CP assumes a 3D 

conformation similar to that of other begomoviruses. However, particles were not observed 

under the TEM. For the second objective, the SiYSV host range was assessed, and a whitefly 

transmission assay was performed. B. tabaci MEAM1 was not able to transmit SiYSV, and 

an interaction between the CP and GroEL was not observed by BiFC. Furthermore, the 

subcellular localization of SiYSV-encoded proteins was observed on a confocal microscope 

and their ability to suppress RNA silencing was analyzed. The results indicate that these 

proteins had the same pattern of localization expected for typical begomoviruses, but we could 

not observe any strong silencing suppression activity. Together, these results indicate that the 

SiYSV-encoded proteins can function just as those of other begomoviruses, thus the 

possibility that SiYSV forms its capsid cannot be discarded even though we have not yet 

observed its particles. Also, the inability of B. tabaci to transmit SiYSV may not be related to 

the inability to form viral particles, but rather to the lack of interaction between CP and 

GroEL. 



 

 

Keywords: Geminivirus. Coat protein. Bemisia tabaci.  
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GENERAL INTRODUCTION 

 

Viruses are considered one of the most devastating plant pathogens, second only to fungi 

in the number of crop diseases and their socioeconomic impacts (Nicaise, 2014). It has been 

reported that viruses can cause losses in crop yields above 60% and, unfortunately, control 

measures are less effective than for other pathogens (Nicaise, 2014). Furthermore, viruses have 

been considered "the major class of emerging pathogens" (García-Arenal and Zerbini, 2019) as 

a great number of diseases that has emerged in the last decades are caused by viruses (Anderson 

et al., 2004; García-Arenal and Zerbini, 2019; Taylor et al., 2001). Even more worrying is that 

emergence is usually associated with increased virulence (Anderson et al., 2004; Fraile and 

Garcia-Arenal, 2016; García-Arenal and Zerbini, 2019) causing several losses, as witnessed 

recently with the outbreak of a coronavirus (SARS-CoV-2) infecting humans. 

 Among the plant viruses, those classified in the family Geminiviridae are among the 

most relevant as they can cause severe losses in economically important crops (Rojas et al., 

2018). Geminiviruses can infect tomato, cotton, cassava, cucurbits and beans, mostly in tropical 

and subtropical areas (Legg and Fauquet, 2004; Moriones and Navas-Castillo, 2000; Navas-

Castillo et al., 2011; Rojas et al., 2018), although their prevalence in temperate regions has been 

increasing (García-Arenal and Zerbini, 2019). 

The family Geminiviridae is comprised of viruses with one or two genomic components 

of circular, single-stranded DNA (ssDNA) of 2,600-2,800 nucleotides (nt) in length, 

encapsidated in geminate, quasi-icosahedral particles and transmitted by different insect vectors 

(Fiallo-Olive et al., 2021). These viruses replicate their genomes by rolling-circle and 

recombination-dependent mechanisms (Jeske et al., 2001; Stenger et al., 1991), and they all 

have an intergenic region (IR, also known as common region, CR, in viruses with bipartite 

genomes) containing highly conserved elements. The IR includes a stem-loop structure with a 



11 
 

 

sequence of nine nucleotides (5'-TAATATTAC-3') that constitutes the origin of replication, 

and also contains direct and inverted repeated sequences of four or five nucleotides, called 

iterons. These iterons are essential for origin recognition by the viral protein associated to the 

replication process (Rojas et al., 2005). According to their genomic organization, host range, 

insect vector and phylogenetic relationships, the members of the Geminiviridae family are 

divided into 14 genera: Becurtovirus, Begomovirus, Capulavirus, Citlodavirus, Curtovirus, 

Eragrovirus, Grablovirus, Maldovirus, Mastrevirus, Mulcrilevirus, Opunvirus, Topilevirus, 

Topocuvirus and Turncurtovirus (Fiallo-Olive et al., 2021). 

 The genus Begomovirus constitutes the group with the highest number of species and is 

the most economically important. According to their genome architecture and phylogenetic 

relationships, begomoviruses are divided into two major groups: New World (NW - the 

Americas) and Old World (OW - Africa, Asia and Europe) (Briddon et al., 2010). 

Begomoviruses from the NW are predominantly bipartite and their genome components are 

named DNA-A and DNA-B. The DNA-A encodes proteins related to replication, encapsidation 

and suppression of host defenses (Hanley-Bowdoin et al., 2013; Rojas et al., 2005). In turn, the 

DNA-B encodes proteins involved in intracellular, cell-to-cell movement and systemic 

infection, host range determination, and suppression of host defenses (Brustolini et al., 2015; 

Hanley-Bowdoin et al., 2013; Rojas et al., 2005). The OW begomoviruses can be monopartite 

or bipartite and are usually associated with satellite DNA molecules (Zhou, 2013). The single 

genomic component of monopartite begomoviruses is homologous to the DNA-A of bipartite 

begomoviruses (Hanley-Bowdoin et al., 1999). 

 There are several additional features that distinguish NW and OW begomoviruses. The 

most outstanding difference is the presence of an additional open reading frame (ORF) in OW 

viruses, which partially overlaps the capsid protein (CP) gene. This ORF, named V2/AV2 in 

monopartite or bipartite begomoviruses, respectively, encodes a protein involved in viral 
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movement and gene silencing suppression (Glick et al., 2008; Padidam et al., 1996; Rybicki, 

1994). Other genomic features that distinguish between these two groups include: (i) OW 

begomoviruses have ~100 nt longer components (Ho et al., 2014); (ii) NW begomoviruses have 

a PWRsMaGT motif in the N-terminal region of the CP, absent in OW viruses (Ha et al., 2006; 

Harrison et al., 2002); (iii) the CP N-terminal region from OW begomoviruses has two or three 

basic domains, typically KR, KVRRR and K/RRRR, that are part of a nuclear localization 

signal (NLS), while NW begomoviruses have only the first (KR) domain (Ha et al., 2008); (iv) 

NW begomoviruses have a tyrosine phosphorylation site with the consensus sequence 

RKx(2,3)DEx(2,3)Y in the movement protein (MP), which is absent in OW begomoviruses (Ho 

et al., 2014). 

 The emergence of begomoviruses as serious pathogens in many economically important 

crops has been associated with changes in crop cultivation and cropping practices, with the 

increased movement of plants worldwide, and with the increased prevalence of their insect 

vectors, whiteflies of the Bemisia tabaci complex (Hemiptera: Aleyrodidae) (Navas-Castillo et 

al., 2011). Bemisia tabaci is a cryptic species complex with at least 39 morphologically identical 

species which can be distinguished by the sequence of the mitochondrial gene cytochrome 

oxidase I (mtCOI). Two species are the most relevant to agriculture, as they are highly invasive 

pests: B. tabaci Mediterranean (MED) and B. tabaci Middle East-Asia Minor 1 (MEAM1), 

previously known as biotypes Q and B, respectively (Vyskočilová et al., 2018). In particular, 

the introduction and quick dissemination of B. tabaci MEAM1 throughout the world has greatly 

facilitated the emergence and spread of begomoviruses (Gilbertson et al., 2015; Navas-Castillo 

et al., 2011). 

 Begomoviruses are transmitted by whiteflies in a persistent-circulative manner. Once 

the vector acquires the virus from an infected plant, the viral particles move through the insect 

body, but do not replicate. The virus passes along the gut lumen until reaching the hemolymph. 
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From there, it is translocated to the salivary glands and, consequently, to the insect's saliva. 

Finally, the viral particles are ready to be transmitted to a new plant as the whitefly feeds on it 

and secrets saliva (Czosnek et al., 2017; Hogenhout et al., 2008). 

 The only viral protein required for acquisition and transmission by the insect vector is 

the CP (Harrison et al., 2002). The CP mediates vector specificity and controls virus transport 

through the whitefly gut until it reaches the hemolymph, which contains proteases and nucleases 

that can destroy the viral particles. To protect the virus from degradation, the CP interacts with 

a GroEL homologue produced by endosymbiotic bacteria (Czosnek et al., 2017; Harrison et al., 

2002; Hogenhout et al., 2008).  

In addition to viral genome packing and virus transmission, the CP seems to be involved 

in several other functions, such as shuttling of viral DNA in and out of the nucleus, viral DNA 

accumulation, cell-to-cell movement and systemic spread of the virus (Fondong, 2013; Harrison 

et al., 2002). The CP is capable of binding ssDNA and then shuttles the viral genome to the 

nucleus, where the infection begins. The newly synthesized CP has a nuclear localization signal 

(NLS) that mediates its own trafficking from the cytoplasm to the nucleus, where CP 

accumulates (Fondong, 2013; Harrison et al., 2002; Kunik et al., 1998; Rojas et al., 2001). It 

also has a nuclear export signal (NES) that redirects the formed viral particles from the nucleus 

to the cytoplasm and then to the cell wall, from where they can spread cell-to-cell (Fondong, 

2013; Harrison et al., 2002; Ward and Lazarowitz, 1999). 

The multifunctional nature of the CP places strong constraints in its capacity to vary 

without losing fitness. In fact, the CP is the most conserved begomovirus protein (Harrison et 

al., 2002). Nevertheless, our research group has described a bipartite begomovirus with a highly 

divergent CP, Sida yellow spot virus (SiYSV) (Xavier, 2015). Phylogenetic analyses based on 

the DNA-A, DNA-B and the Rep gene clustered this new virus with NW begomoviruses. The 

DNA-A tree grouped SiYSV with begomoviruses present in Brazil, Central America and the 
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Caribbean, and the DNA-B analysis grouped it with begomoviruses infecting cultivated and 

non-cultivated hosts in Brazil (Xavier, 2015). 

 However, analysis of the full-length genome of SiYSV detected several features of OW 

begomoviruses: (i) both the DNA-A and DNA-B components have lengths in the range of OW 

begomoviruses; (ii) the DNA-A contains an AV2-like gene in the virion-sense strand; (iii) the 

presence of conserved motifs that are characteristic of OW begomovirus proteins, including the 

KVRRR motif in the N-terminal region of the CP. Despite this, SiYSV has a NW-like iteron 

organization and a tyrosine phosphorylation site in the movement protein (MP), which is 

present in NW but not in OW begomoviruses (Xavier, 2015).  

 Although the genomic organization of SiYSV is typical of begomoviruses, there is a 

region of 1,100 nt in the DNA-A with very low similarity to other begomoviruses, and this 

region includes the CP, AV2 and part of the common region. Further analysis found a domain 

related to geminivirus CPs in the putative CP gene but failed to detect any further similarity 

with the CP and AV2 proteins of other begomoviruses (Xavier, 2015). The only similarity found 

was with a recently described (and also highly divergent) monopartite geminivirus infecting 

apple trees in China, called "apple geminivirus" (AGV) (Liang et al., 2015). Even so the 

similarity between AGV and SiYSV is very low: the SiYSV CP shares 26% nucleotide (nt) 

identity (99% coverage, E value 4e-9) and the AV2-like protein shares 33% nt identity (76% 

coverage, E value 4e-12) (Xavier, 2015). 

 SiYSV was found infecting the non-cultivated plant Sida acuta (family Malvaceae) 

(Xavier, 2015). As mentioned before, a great number of new begomoviruses have emerged in 

the last decades, many of which have been found in non-cultivated plants. Such non-cultivated 

plants may be considered as wild reservoirs of viral diversity and of new viruses which could 

spillover and cause diseases in crops (Castillo-Urquiza et al., 2008; Ferro et al., 2017; Fiallo-

Olivé et al., 2012; García-Arenal and Zerbini, 2019; Tavares et al., 2003).  
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 Interest and concerns about virus emergence have driven ecological and evolutionary 

studies, which include the identification of wild host reservoirs and of the evolutionary 

processes that guide virus adaptation to a new host (García-Arenal and Zerbini, 2019). 

Adaptation requires genetic variation, so that natural selection can play its role (García-Arenal 

and Zerbini, 2019). The major source of genetic variation in geminiviruses is mutation (Harkins 

et al., 2009; Lima et al., 2017), followed by recombination (Briddon et al., 2010; García-Arenal 

and Zerbini, 2019; Padidam et al., 1999). Evidence of interspecies recombination involving 

both the DNA-A and the DNA-B of SiYSV was found. In this particular case, the gene encoding 

the divergent CP is a clear candidate for having a recombinant origin (Xavier, 2015).   

 Genetic variation must lead to virus adaptation to a new host and/or to its vector if the 

emerging virus is to be efficiently transmitted within the new host population (García-Arenal 

and Zerbini, 2019). It is well established that the CP is essential for vector transmission. 

However, this leaves us with some intriguing questions: is a virus with a highly divergent CP 

capable of forming particles and, consequently, of being transmitted? If so, is it able to spillover 

its non-cultivated host and to adapt to a new, cultivated host?  

 Thus, the objectives of this work are: (i) to determine whether the divergent 

begomovirus SiYSV is capable of forming geminate particles; (ii) to carry out the biological 

and molecular characterization of SiYSV; (iii) to study the ecological and evolutionary 

dynamics of SiYSV. The indispensable role of the CP in the viral infection cycle makes its 

study relevant to understand the epidemiological dynamics of begomoviruses, with scientific 

and economic implications. 
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OBJECTIVES 

 

1. Main objectives 

Chapter I: To find out whether the divergent begomovirus Sida yellow spot virus (SiYSV) is 

capable of forming geminate particles. 

Chapter II: To perform the biological and molecular characterization of SiYSV. 

 

2. Specific objectives 

Chapter I: 

i) To infer the three-dimensional structure of the SiYSV CP. 

ii) To observe viral particles under a transmission electron microscope.  

Chapter II: 

i) To determine the host range of SiYSV. 

ii) To verify whether B. tabaci MEAM1 is able to transmit SiYSV. 

iii) To infer another possible insect vector for SiYSV by phylogenetic analysis of the CP. 

iv) To verify whether the SiYSV CP interacts with the endosymbiotic bacterial protein GroEL. 

i) To identify the subcellular localization of the SiYSV CP. 

ii) To verify whether SiYSV has a silencing suppressor protein. 

 

  



20 
 

 

CHAPTER 1 

 

 

 

 

 

 

 

 

 

STRUCTURAL ANALYSIS OF SIDA YELLOW SPOT VIRUS (SiYSV) PARTICLES AND 
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ABSTRACT 

Proteins are fundamental for the structure and function of all organisms. They play important 

roles in all vital processes in the cell, carrying out chemical reactions, transporting molecules, 

generating energy, transcribing the genetic information, besides many other roles. All proteins 

fold in a specific, optimal three-dimensional (3D) structure and their function is intrinsically 

related to this optimal 3D conformation. Several computational programs have been developed 

to predict protein 3D structure but none of them achieves the accuracy of AlphaFold, a program 

released in 2020. AlphaFold is an artificial intelligence program that combines physical and 

biological knowledge with a deep learning algorithm to predict protein 3D structure. Here, we 

used AlphaFold to predict the 3D structure of the capsid protein (CP) of a divergent 

begomovirus, Sida yellow spot virus (SiYSV). The structure was compared with the predicted 

3D structures of other typical begomovirus CP's. Ultrathin sections of Sida acuta plants infected 

with SiYSV were examined under a transmission electron microscope to observe the presence, 

or not, of viral particles. Although the SiYSV CP was structurally very similar to other 

begomoviruses CPs, viral particles were not observed in infected cells. 
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INTRODUCTION 

 

Life as we know it is made possible by the existence of four organic macromolecules: 

nucleic acids, proteins, lipids and carbohydrates. Proteins are the most extensively studied 

molecules since they are the most abundant in cells and the most structurally and functionally 

diverse, an important characteristic as it allows them to play a variety of important roles. Their 

functional diversity enables them to be involved in basically all life processes: metabolism, 

gene expression, cellular respiration and photosynthesis, cellular communication, assembly of 

intra- and extracellular structures, protecting cells from pathogens, and many others (Kessel 

and Ben-Tal, 2018). 

Proteins are polymers formed by a set of 20 amino acids which vary in terms of structure 

and electric charge. The physicochemical properties of amino acids lead to attraction or 

repulsion between them, which drive the protein chain to fold in a three-dimensional (3D) 

structure. Thus, the primary sequence of amino acids in the protein chain ultimately determines 

its 3D folding. The order in which they appear along the chain creates a unique pattern of 

attractiveness and repulsiveness, which results in a specific (optimal) 3D structure (Kessel and 

Ben-Tal, 2018; Rasheed et al., 2020). 

A protein's 3D structure determines its function (Rasheed et al., 2020). The 3D 

conformation may expose binding sites, channels and receptors, impacting the way the protein 

binds to other molecules and its interaction with other proteins to form structural complexes 

and for carrying out regulatory processes. Therefore, determining the 3D structure of a protein 

is essential for understanding how it works (Kessel and Ben-Tal, 2018; Rasheed et al., 2020). 

Determination of the 3D structure of many proteins has been done through complex 

methodologies. The most used are X-ray crystallography, nuclear magnetic resonance 
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spectroscopy, electron microscopy and, recently, cryo-electron microscopy (Abrescia et al., 

2012; Richert-Pöggeler et al., 2018). 

Viruses are non-cellular life forms which contain a nucleic acid genome and a protein-

based capsid, forming the so-called virus "particle". Some viruses also contain a lipid-based 

envelope encasing the capsid (Koonin et al., 2021). The emergence of viral diseases in the last 

decades has shed light on the importance of understanding their biology, structure and the 

interaction between viral and host proteins (McLeish et al., 2019; Zheng et al., 2019). Electron 

microscopy (EM) provides images of viruses at nanometer scale which are useful for diagnosis 

and research. For many viruses, the observation of particle structure and size allows preliminary 

classification at the family level (Richert-Pöggeler et al., 2018). 

Advances in cryo-electron microscopy and image processing have improved the 

determination of the 3D structure of viral capsids. Encapsidation of the viral genome is an 

essential step of the viral infection cycle, and cryo-EM has been helping to elucidate the 

mechanisms of capsid assembly and genome encapsidation (Hesketh et al., 2018; Hipp et al., 

2017; Richert-Pöggeler et al., 2018).  

The family Geminiviridae comprises 14 genera of non-enveloped, single-stranded (ss) 

DNA viruses that infect economically important crops worldwide. Their genome is organized 

into one or two circular ssDNA components of 2.5-2.8 kb in length, which encode proteins 

responsible for replication, encapsidation, movement and suppression of host defenses (Fiallo-

Olive et al., 2021). A characteristic feature of geminiviruses is the twinned (geminate) 

morphology of their particles, which consist of two fused T=1 icosahedral capsids forming two 

hemispheres. At the interface of these hemispheres each capsid loses a pentamer, with the final 

structure being composed of 110 copies of the capsid protein (CP) (Bennett and Agbandje-

McKenna, 2020; Hesketh et al., 2018; Saunders et al., 2020). The CP is the only structural 

protein encoded by geminiviruses and is also essential for transmission by the insect vector 
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(Azzam et al., 1994; Briddon et al., 1990; Hohnle et al., 2001). This multifunctional nature of 

the CP places constraints in its capacity to vary without losing fitness, and in fact the CP is the 

most conserved protein in the geminivirus genome. 

The 3D structure of the capsids of three geminiviruses, African cassava mosaic virus 

(ACMV), Ageratum yellow mosaic virus (AYVV) and maize streak virus (MSV) have been 

determined by cryo-EM (Hesketh et al., 2018; Hipp et al., 2017; Zhang et al., 2001). A feature 

of the geminivirus CP is the signature jelly-roll topology, which is characteristic of the CPs of 

most viruses with isometric particles (Koonin et al., 2020; Krupovic and Koonin, 2017). A jelly-

roll fold consists of eight antiparallel β-sheets organized in two sheets that form the body of the 

CP (Krupovic and Koonin, 2017). The loops connecting the β-sheets are the most diverse 

portion of the CP and appear to be important for interaction with the insect vectors that transmit 

geminiviruses in nature (Cheng and Brooks, 2013; Hesketh et al., 2018).  

The core structure of the geminivirus CP (which incluldes the jelly-roll fold) is mostly 

invariant. However, differences in the N-terminal region allow the CP to adopt the three 

different conformations needed to build a T=1 particle. These different conformations are 

especially important at the interface of the two hemispheres, where the interaction between two 

N-terminal chains (chains H and I) of the CP is critical for particle assembly (Hesketh et al., 

2018). 

Besides the self-interaction ability of the CP, it also interacts with ssDNA. Capsid 

assembly is driven by DNA binding, which may be the reason why empty geminiviral particles 

have never been found in plant infections (Hesketh et al., 2018; Richert-Pöggeler et al., 2018). 

All studies on geminivirus particle structure have been done using TEM and cryo-EM. 

Despite the accuracy of these techniques, they are extremely expensive and time-consuming, 

such that only around 100,000 protein structures have been determined, which represents a 

small portion of the billions of already known protein sequences (Jumper et al., 2021; Kuhlman 
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and Bradley, 2019). Thus, computational approaches have been developed to enable large-scale 

structural predictions.  

There are several computer-based algorithms that can be used to predict a protein 3D 

structure. In 2021, the AlphaFold program was released (Jumper et al., 2021). AlphaFold 

combines knowledge of the physical and biological properties of proteins with a deep learning 

algorithm (Jumper et al., 2021; Senior et al., 2020). It is the first program to use artificial 

intelligence and deep learning to predict protein 3D structures, and its >90% accuracy has lead 

scientists to call it "a data-driven revolution" (Thornton et al., 2021).  

Whitefly-transmitted geminiviruses (classified in the genus Begomovirus) have 

emerged as important plant pathogens over the last 30 years. Begomoviruses are broadly 

divided into Old World and New World, with differences in genome organization and protein 

motifs, including in the CP. Our group has described a large number of begomoviruses, 

including one infecting the non-cultivated plant Sida acuta, named Sida yellow spot virus 

(SiYSV). SiYSV has a highly divergent CP and several features of OW begomoviruses, such 

as an AV2-like gene in the virion-sense strand and the presence of conserved motifs that are 

characteristic of OW begomovirus proteins.  

The non-cultivated plant Sida acuta is a perennial species which is capable of vegetative 

propagation. Moreover, despite systematic sampling of SiYSV-infected S. acuta plants since 

2011, whiteflies have never been observed. Since begomoviruses are capable of establishing a 

systemic infection without the CP (Sudarshana et al., 1998), we hypothesized that SiYSV may 

not form geminate particles and is transmitted solely by vegetative propagation of its host. The 

objectives of this work were to predict the 3D structure of the highly divergent CP encoded by 

SiYSV using AlphaFold and to determine whether SiYSV can form geminate particles by 

electron microscopy. 
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MATERIAL AND METHODS 

 

1. Three-dimensional protein prediction  

 The three-dimensional (3D) structure of the SiYSV-encoded capsid protein (CP) was 

predicted using AlphaFold (Jumper et al., 2021; Senior et al., 2020). The 3D structure of the 

capsid proteins of Ageratum yellow vein virus (AYVV; GenBank accession number X74516), 

Oxalis yellow vein virus (OxYVV; KM887907), Sida golden yellow spot virus (SGYSV; 

KX348185), Tomato severe rugose virus (ToSRV; DQ207749) and Apple geminivirus 1 

(AGV1; KM386645) were also predicted using AlphaFold to compare and validate the CP 

structure obtained for SiYSV. 

 The structure of the SiYSV CP was pairwise aligned to each one of the CPs above using 

the multiple structure alignment algorithm mTM-align (Dong et al., 2017), and the alignment 

was observed using the RCSB Protein Data Bank (RCSB PDB) 3D View (Berman et al., 2000). 

 

2. Viral isolates and infectious clones 

 The viral isolates SiYSV-[BR-Vic26-11] and OxYVV-[BR-1D-11] were obtained from 

Sida acuta plants collected in the municipality of Viçosa, state of Minas Gerais, Brazil, on 

December 2011 (Godinho, 2014; Xavier, 2015). Infectious clones corresponding to 1.5 and 1.4 

copies of the SiYSV-[BR-Vic26-11] DNA-A and DNA-B, respectively (Xavier, 2015), and to 

1.4 and 1.6 copies of the OxYVV-[BR-1D-11] DNA-A and DNA-B, respectively (Oliveira, 

2021), were used for all experiments. 

 

3. Particle observation by transmission electron microscopy (TEM) 

 Young Sida acuta plants with two to four fully expanded leaves were inoculated by 

biolistics (Aragão et al., 1996) with the SiYSV and OxYVV infectious clones. Gold particles 
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coated with 5 µg of DNA-A + DNA-B of each isolate were delivered at 5 psi. As negative 

controls, four plants were inoculated with gold particles without DNA. Following inoculation, 

the plants were kept in a greenhouse and symptom development was observed until 28 days 

post-inoculation (dpi).  

 At 28 dpi, plants showing characteristic symptoms (Figure 1) were selected. To confirm 

the infection, total DNA was extracted as described by Doyle and Doyle (1987) and used as a 

template for PCR using a DNA-A-specific primer pair for SiYSV (SiY-2F, 5'-GAG TTA TCC 

CTA TGT CCC CC-3'; SiY2-R, 5'-GAG AAT GGC GTC TAT ACC TGG-3') and the 

begomovirus degenerated primer pair PAL1v1978 and PAR1c496 (Rojas et al., 1993) for 

OxYVV. The PCR reaction was performed using Taq DNA polymerase (Cellco) and the PCR 

program consisted of an initial denaturation at 94ºC for 10 min (2 min for OxYVV) followed 

by 35 cycles at 94ºC for 1 min, 60ºC for 1 min (55ºC for OxYVV) and 72ºC for 2 min with a 

final extension at 72ºC for 5 min.  

 Leaf samples of PCR-positive plants were collected and fixated using Karnovsky 

solution (2% paraformaldehyde and 2.5% glutaraldehyde) followed by 1% osmium tetroxide. 

Then, samples were dehydrated in a graded ethanol series (30, 50, 70, 80, 95 and 100%) and 

infiltrated with Spurr resin. Ultrathin sections were mounted on copper grids (200 mesh), 

stained with 2% uranyl acetate and 1% lead acetate for 20 min each and examined in a FEI 

Tecnai G2-12 SpiritBiotwin transmission electron microscope at 120 kV, at the Microscopy 

Center of the Federal University of Minas Gerais (UFMG).  
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RESULTS 

 

1. Three-dimensional protein prediction 

We predicted the 3D structure of the divergent SiYSV CP using AlphaFold and 

compared it with other typical begomovirus CPs.  

Despite the low degree of amino acid sequence similarity, the SiYSV CP is predicted to 

assume a 3D conformation similar to that of other begomoviruses (Figure 2). In fact, its 3D 

structure was 66% similar to that of the AYVV CP (Figure 2A), a virus whose 3D structure has 

been predicted by cryo-electron microscopy. Moreover, it was 75% similar to the SGYMV CP 

(Figure 2B), the virus that shares the highest amino acid similarity with SiYSV, 67% similar to 

both ToSRV and OxYVV CP's (Figures 2C and 2D, respectively), viruses used as positive 

controls throughout this work and 72% similar do AGV1 (Figure 2E), the virus which shares 

the highest nucleotide similarity with SiYSV. 

The 3D structure prediction also indicated that the SiYSV CP assumes a jelly-roll fold 

with two twisted, 4-stranded β-sheets, typical of most icosahedral viruses (including the other 

begomoviruses included in the analysis). This core region of the four begomovirus CP's 

analyzed has a more conserved structure, while their N-terminal regions have a more variable 

conformation.  

These results strongly indicate that the SiYSV CP has the potential to function just as 

any other begomovirus CP does. Thus, it is not unreasonable to believe that CP subunits can 

interact with each other and with the viral DNA to assemble into geminate viral particles.  
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2. Attempts at particle observation by TEM 

 Based on the results of the 3D structure prediction, we hypothesized that SiYSV may 

indeed form a geminate viral particle. To confirm this, we observed ultrathin sections of SiYSV-

infected leaves under a TEM.  

 Electron-dense regions that resemble aggregates of viral particles were observed in the 

nuclei of the OxYVV-infected cells (Figures 3C and 4). The same material was observed 

outside of the nucleus in a cytoplasmic region closer to the nuclear membrane (Figures 4C and 

4D). Images at higher resolution are needed to confirm whether this electron-dense regions are 

formed by aggregates of viral particles or by condensed nuclear material. 

 On the other hand, nuclei of SiYSV-infected cells did not show any electron-dense 

region that could resemble viral particles (Figure 3B). In fact, they are similar to the nuclei of 

mock-inoculated cells (Figure 3A).  

  

DISCUSSION 

 

The atypical features of the SiYSV-Sida acuta pathosystem, which include: (i) the 

highly divergent SiYSV CP, (ii) the fact that Sida acuta is capable of vegetative propagation, 

and (iii) the lack of whiteflies in the area where the virus has been detected since 2011, lead us 

to question whether SiYSV actually forms geminate particles. Thus, we performed an in silico 

analysis of the SiYSV CP using Alphafold, and transmission electron microscopy (TEM) 

analysis of ultrathin sections of SiYSV-infected plants in an attempt to visualize SiYSV 

particles.  

The three-dimensional conformation of a protein is intrinsically related to its function. 

Knowledge of how proteins fold and the 3D structure they assume is therefore essential to 
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understand their function and their various biological interactions (Kessel and Ben-Tal, 2018; 

Lupas et al., 2021; Rasheed et al., 2020). 

Our structure predictions and comparisons found TM-scores varying from 66% to 75% 

between the SiYSV CP and the CP's of AYVV, OxYVV, SGYSV, ToSRV and AGV1. These 

results indicate a high level of similarity among these proteins, which is surprising considering 

the very low degree of amino acid sequence similarity among them. Moreover, the core of all 

predicted CP's was predicted to assume the signature jelly-roll fold and, as expected, most of 

the differences among the CP's are located in the N-terminal portion of the proteins. Together, 

these results highlight the importance of considering the 3D structure of viral proteins when 

trying to infer their function from their amino acid sequence (Krupovic and Koonin, 2017).  

The similarity between the SiYSV CP and the typical CP's of the other begomoviruses 

analyzed indicates that this divergent CP may indeed function like the other begomovirus CPs. 

Thus, it may have the ability to self-interact and to bind ssDNA for capsid assembly and particle 

formation.  

 In cells of OxYVV-infected plants, electron-dense regions were observed inside the 

nucleus that resemble the aggregates of viral particles encountered in begomovirus infections 

(Mahmoudieh et al., 2020; Morales et al., 1990). These electron-dense regions appear to have 

a honeycomb shape as observed in bean golden mosaic virus (BGMV)-infected common bean 

cells (Kim et al., 1978), although we could not see a clear delimitation between the putative 

particles or an individual geminate particle. Thus, we cannot claim that the electron-dense 

regions observed are indeed aggregates of viral particles. However, we observed the same 

electron-dense regions in the cytoplasm adjacent to the nucleus. Since viral particles are formed 

in the nucleus and then are shuttled to the cytoplasm so they can be moved to neighboring cells, 

this observation adds another piece of evidence in favor of the electron-dense regions being 

comprised of viral particles. It should be noted that OxYVV has a typical begomovirus CP and 
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is transmitted by whiteflies (Xavier, 2015), which is a clear indication that it forms geminate 

viral particles.  

In contrast to what was observed in the OxYVV-infected cells, no electron-dense 

regions, or any other type of strucutre that resembled viral particles or aggregates of particles, 

were observed in SiYSV-infected cells. The failure to visualize SiYSV particles coud be due to 

a number of reasons. The virus could be present at very low concentrations in the plant, 

decreasing the chances of an infected cell being present in the ultrathin sections. Previous 

studies have shown that viral isolates that lack the CP or produce a mutant CP are still infectious 

but accumulate low levels of ssDNA in cells and display delayed or attenuated symptoms 

(Fondong, 2013; Harrison et al., 2002; Qin et al., 1998). It is also possible that the virus was 

present at low concentration at the time of sampling.  For example, BGMV and bean dwarf 

mosaic virus (BDMV) particles were observed by TEM from 8 to 10 days after inoculation of 

common bean leaves (Kim et al., 1978; Morales et al., 1990), suggesting that 28 dpi may be too 

late for particle observation, and that tissue samples should be collected at an earlier stage of 

the infection. However, the timing of viral accumulation could be different in the BGMV/bean 

pathosystem compared to the SiYSV/Sida acuta system. It should be noted that both SiYSV 

and OxYVV were inoculated in the same host (Sida acuta) and the samples were processed at 

the same point of the infection (28 dpi) for both viruses. In any event, it is important to perform 

additional studies with SiYSV with samples collected at earlier time points. 

Another possibility would be the instability of the SiYSV capsid. It is possible that 

SiYSV does form particles but that they are unstable and do not tolerate the TEM sample 

processing. In this regard, significant changes that result in misfolding of capsid proteins can 

affect its stability and consequently the stability of the viral capsid. Previous studies with 

ACMV and AYVV revealed the importance of the N-terminal portion of the CP for their self-

interaction at the interface of the two hemicapsids and thus for particle assembly. This region 
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is stabilized by hydrogen bonds, and mutations at two important amino acid residues (R48A 

and M59D) disrupted the hydrogen bonding between two CP chains, resulting in formation of 

single icosahedral instead of geminate particles. Also, a mutation at R41 (R41A) disrupted 

DNA binding and abolished any type of particle formation (Hesketh et al., 2018; Saunders et 

al., 2020). Since the major differences between the SiYSV CP and the other begomovirus CP's 

presented here are located in their N-terminal portions, it is possible that a mutation in this 

region weakens the capsid assembly of SiYSV, leading to capsid instability and disassembly 

during sample preparation for TEM. 

In conclusion, although we were unable to visualize SiYSV particles by TEM, the 

accumulated evidence suggests that the virus does form geminate particles, although they may 

be unstable compared to the particles formed by other begomoviruses.  
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Figure legends 

 

Figure 1. Symptomatic Sida acuta plants following biolistic inoculation with infectious clones 

of Sida yellow spot virus (SiYSV) and Oxalis yellow vein virus (OxYVV). Images were 

obtained at 28 days post-inoculation. 

 

Figure 2. Alphafold-predicted 3D structures of the capsid proteins (CP) of Ageratum yellow 

vein virus (AYVV), Sida golden yellow spot virus (SGYSV), tomato severe rugose virus 

(ToSRV), Oxalis yellow vein virus (OxYVV) and Sida yellow spot virus (SiYSV). 

Comparisons between the SiYSV CP and the other predicted CP's were made with the mTM-

align algorithm. (A) AYVV and SiYSV; (B) SGYSV and SiYSV; (C) ToSRV and SiYSV; (D) 

OxYVV and SiYSV; (E) AGV1 and SiYSV. 

 

Figure 3. Transmission electron microscopy images of ultrathin section from Sida acuta cells. 

(A) Mock-inoculated plants; (B) Plants inoculated with Sida yellow spot virus (SiYSV); (C) 

Plants inoculated with Oxalis yellow vein virus (OxYVV). Scale bars are indicated in each 

image. CW: cell wall; C: cytoplasm; NM: nuclear membrane; N: nucleus; Nu: nucleolus; EDA: 

electron-dense aggregates. 

 

Figure 4. Transmission electron microscopy images of ultrathin section from Sida acuta cells 

infected with Oxalis yellow vein virus (OxYVV). Red arrows indicate electron-dense 

aggregates (EDA) resembling geminiviruses particles occurring outside of the nucleus, and 

white arrows indicate the same structures inside the nucleus. Scale bars are indicated in each 

image. CW: cell wall; C: cytoplasm; NM: nuclear membrane; N: nucleus; Nu: nucleolus. 
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ABSTRACT 

 

Begomoviruses are among the most important group of plant pathogens. They are circular, 

single-stranded DNA viruses that encapsidate their genomes in geminate, quasi-icosahedral 

particles. These viruses encode multifunctional proteins involved in replication, gene 

expression, suppression of host defenses, movement and encapsidation, The begomovirus 

capsid protein (CP), besides its major role as the virus single structural protein, is also 

responsible for viral acquisition and transmission by the insect vector. It protects the viral 

particle of degradation inside the insect vector by physically interacting with a protein present 

in the insect hemolymph named GroEL. Usually, the CP is the most conserved begomoviral 

protein, however a new begomovirus, named Sida yellow spot virus (SiYSV) has been 

described with a highly divergent CP. Here, we carried out the biological and molecular 

characterization of SiYSV. First, we performed a host range assay and a whitefly transmission 

assay. SiYSV infected the cultivated host Abelmoschus esculentus (okra), but B. tabaci 

MEAM1 was not able to transmit the virus. We then investigated by bimolecular fluorescence 

complementation (BiFC) whether the SiYSV CP would interact with GroEL. The analysis 

indicated a lack of interaction between these two proteins. Finally, the subcellular localization 

of SiYSV-encoded proteins was assessed on a laser scanning confocal microscope and their 

ability to suppress RNA silencing was analyzed. We showed that these proteins had the same 

pattern of localization expected for proteins from typical begomoviruses, but they do not show 

any silencing suppression activity. These results indicate that the SiYSV-encoded proteins can 

function just as those from other begomoviruses, and that the inability of B. tabaci to transmit 

SiYSV may be due to the lack of interaction between its CP and GroEL. 
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INTRODUCTION 

 

Geminiviruses are considered one of the most devastating groups of plant pathogens, 

causing great losses in many economically important crops such as beans, cassava, cotton, 

cucurbits, maize, peppers and tomato (Legg and Fauquet, 2004; Moriones and Navas-Castillo, 

2000; Navas-Castillo et al., 2011; Rojas et al., 2018). The family is comprised of 14 genera 

(Fiallo-Olive et al., 2021) and among them the genus Begomovirus has the highest number of 

species and is the most economically important. 

Begomoviruses have one or two genomic components of circular, single-stranded DNA 

(ssDNA) of 2,600-2,800 nucleotides (nt) in length, encapsidated in geminate, quasi-icosahedral 

particles. They are transmitted by whiteflies of the Bemisia tabaci species complex (Hemiptera: 

Aleyrodidae) in a persistent-circulative manner (Czosnek et al., 2017; Fiallo-Olive et al., 2021; 

Hogenhout et al., 2008). According to their genome architecture and phylogenetic relationships, 

begomoviruses are divided into two major groups: New World (NW - the Americas) and Old 

World (OW - Africa, Asia and Europe) (Briddon et al., 2010; Rybicki, 1994). Begomoviruses 

from the NW are predominantly bipartite, and their genome components are named DNA-A 

and DNA-B, while the OW begomoviruses can be monopartite or bipartite and are frequently 

associated with satellite DNA molecules (Zhou, 2013). 

In general, plant viruses have small genomes and thus codify a limited number of 

proteins. Consequently, these proteins are usually multifunctional and often interact with each 

other (Wang et al., 2022). Some geminiviruses (eg, mastreviruses) encode only four proteins, 

and bipartite begomoviruses encode from seven to nine (five to seven in the DNA-A and two 

in the DNA-B). In the DNA-A, the capsid protein (CP) and the AV2 protein are encoded in the 

virion-sense strand (AV2 is only encoded by OW begomoviruses), while a replication-

associated protein (Rep), a transcriptional activator protein (TrAP), a replication enhancer 
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protein (REn), a pathogenicity factor (AC4) and, in some viruses, an AC5 protein, are encoded 

in the complementary-sense strand (Fondong, 2013; Hanley-Bowdoin et al., 1999; Li et al., 

2015). The DNA-B encodes a nuclear shuttle protein (NSP) and a movement protein (MP) 

(Fondong, 2013). Rep is responsible for the initiating step in rolling-circle replication of the 

viral genome and modulation of the cell cycle, activating expression of hosts factors involved 

in DNA replication (Hanley-Bowdoin et al., 1999). Trap activates the transcription of CP and 

NSP, and it is also involved in suppression of RNA silencing. Ren is not essential for 

replication, but its interaction with Rep makes viral replication more efficient and enhances 

DNA accumulation several fold. It is also related to symptom development. AC4 is a symptom 

determinant and an RNA silencing suppressor, and is also involved in viral movement. 

Likewise, AV2 is also involved in movement and is a suppressor of host defenses.   

The CP is also a multifunctional protein and besides encapsidation it is involved in 

ssDNA binding, shuttling of viral DNA in and out of the nucleus and viral transmission by the 

insect vector (Czosnek et al., 2017; Fondong, 2013; Harrison et al., 2002; Kunik et al., 1998; 

Rojas et al., 2001). It mediates vector specificity and controls virus transport through the insect 

body. When virus particles reach the hemolymph, the CP interacts with a GroEL chaperone 

homologue produced by endosymbiotic bacteria that live inside the insect body in specific cells 

called bacteriosomes (Czosnek et al., 2017). 

The different B. tabaci species host the obligatory primary endosymbiont Portiera 

aleyrodidarum and different sets of facultative secondary endosymbionts, among them 

Arsenophonus, Cardinium, Fritchea, Hamiltonella, Ricketsia and Wolbachia spp. These 

bacteria secret GroEL homologs in the insect's gut where they physically interact with the viral 

CP, protecting the virus from degradation by proteases and nucleases present in the hemolymph 

(Czosnek et al., 2017; Harrison et al., 2002; Hogenhout et al., 2008). 
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Important sequences for vector transmission have been mapped to the central and the 

N-terminal regions of the CP, where a nuclear localization signal (NLS) is located. This region 

seems to be required for interaction between the CP and GroEL and thus for whitefly 

transmission efficiency (Fondong, 2013; Hogenhout et al., 2008; Morin et al., 1999). Anything 

that disrupts this interaction results in degradation of the viral particles (Hogenhout et al., 2008). 

The CP is the most conserved begomovirus protein (Harrison et al., 2002). However, a 

bipartite begomovirus with a highly divergent CP, Sida yellow spot virus (SiYSV), was 

described infecting the non-cultivated plant Sida acuta (Xavier, 2015). Although phylogenetic 

analyses based on the DNA-A, DNA-B and the Rep gene clustered SiYSV with NW 

begomoviruses, it has several features of OW begomoviruses, such as longer components of 

approximately 2800 nt, an AV2 gene and some conserved protein motifs characteristic of OW 

begomoviruses, including in the CP (Xavier, 2015). 

Knowledge of a virus biology is important to understand its life cycle, the dynamics of 

the infectious process and its epidemiology, with scientific and economic implications. Thus, 

the objective of this work was to conduct the biological and molecular characterization of the 

divergent begomovirus Sida yellow spot virus. 

 

MATERIAL AND METHODS 

 

1. Viral isolates, plant material and growth conditions 

 The viral isolates SiYSV-[BR-Vic26-11] and Oxalis yellow vein virus (OxYVV)-[BR-

1D-11] were obtained from Sida acuta plants in the municipality of Viçosa, state of Minas 

Gerais (MG), Brazil, collected on December 2011 (Godinho, 2014; Xavier, 2015). The isolate 

BR-Bi2-99 of tomato yellow spot virus (ToYSV) was obtained from a tomato plant collected 

in the municipality of Bicas, MG, in 1999 (Ambrozevicius et al., 2002). Infectious clones 
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corresponding to 1.5 and 1.4 copies of the SiYSV-[BR-Vic26-11] DNA-A and DNA-B, 

respectively (Xavier, 2015), to 1.4 and 1.6 copies of the OxYVV-[BR-1D-11] DNA-A and 

DNA-B, respectively (Oliveira, 2021), and to 1.2 copies of the DNA-A and DNA-B of ToYSV-

[BR-Bi2-99] (Andrade et al., 2006) were used in the experiments.  

 Nicotiana benthamiana plants were maintained in a growth chamber at 22ºC under long-

day conditions (16 h light/8 h dark) and Sida acuta plants were kept in a greenhouse. 

 

2. Host range assay 

 A host range assay was conducted using plants of the families Fabaceae, Malvaceae and 

Solanaceae. Young plants with two to four fully expanded leaves were inoculated by biolistics 

(Aragão et al., 1996) using the SiYSV infectious clones. As a positive control of the biolistic 

procedure, two to four plants of each species were inoculated with ToYSV. Gold particles 

coated with 5 µg of each SiYSV or ToYSV DNA components were delivered at 5 psi. As 

negative controls, two to four plants of each species were inoculated with gold particles without 

DNA. After inoculation, the plants were kept in a greenhouse and symptom development was 

observed until 28 days post-inoculation (dpi). To confirm the infection, total DNA was 

extracted as described by Doyle and Doyle (1987) and used as a template for PCR using a DNA-

A-specific primer pair (SiY-2F and SiY2-R; Table 1) for SiYSV and a degenerate primer pair 

(PAL1v1978 and PAR1c496; Rojas et al., 1993) for ToYSV. The PCR reaction was performed 

using Taq DNA polymerase (Cellco) and the PCR program consisted of an initial denaturation 

step at 94ºC for 10 min, followed by 35 cycles at 94ºC for 1 min, 60ºC for 1 min (55ºC for 

ToYSV) and 72ºC for 2 min with a final extension at 72ºC for 5 min.  
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3. Whitefly transmission assay 

 Colonies of aviruliferous B. tabaci Middle East-Asia Minor 1 (MEAM1) whiteflies 

were maintained in cabbage plants (Brassica oleraceae) inside insect-proof cages kept in a 

growth chamber. Adult whiteflies were collected and transferred to individual Sida acuta plants 

infected with OxYVV (used as positive control) or SiYSV, both inoculated by biolistics. After 

a 72 h acquisition access period (AAP), 30 whiteflies were collected and transferred to young, 

healthy S. acuta plants, where they were maintained for another 72 h, corresponding to the 

inoculation access period (IAP). Eleven plants were inoculated with OxYVV and 65 plants with 

SiYSV. As a negative control, six S. acuta plants were exposed to a 72 h IAP with 30 

aviruliferous whiteflies. After whitefly elimination with insecticide, the plants were transferred 

to a greenhouse and kept for symptom observation until 48 dpi. After this period, leaf samples 

were collected and used for total DNA extraction (Doyle and Doyle, 1987) and the DNA was 

used as a template for PCR amplification, as mentioned in item 2, using specific primers for 

SiYSV and the degenerate primer pair PAL1v1978 and PAR1c496 for OxYVV. The procedure 

is outlined in Figure 1. 

 

4. DNA extraction of B. tabaci MEAM1 and identification of bacterial endosymbionts 

 DNA was extracted from 10 individual whiteflies following a modified Chelex protocol 

(Walsh et al., 1991). Each whitefly was ground and homogenized in 30 µl of 5% Chelex 

solution in a 0.6 ml tube. The tube was vortexed for 30 seconds and then incubated at 56ºC for 

15 min and at 99ºC for 8 min. After a 5 min centrifugation at 14,000 rpm, the supernatant was 

collected and kept at -20ºC for a maximum period of 7 days. 

 These extracted DNAs were used for the screening of the whitefly primary bacterial 

endosymbiont, Portiera, and all six secondary endosymbionts (Arsenophonus, Cardinium, 

Fritchea, Hamiltonella, Rickettsia and Wolbachia,) using genus-specific primers targeting the 
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16S and 23S rDNA genes (Table 2). PCR cycling was performed as described above for the 

host range assay. 

 Portiera and Hamiltonella were selected for the investigation of a possible interaction 

of their GroEL homologs with the SiYSV CP. The GroEL coding sequences were obtained 

from GenBank (access numbers EU435142 and AF130421, respectively). One primer pair was 

constructed for each gene including cloning sites for the pENTR11 vector (Table 1). The coding 

sequences were amplified by PCR, purified with the Illustra GFX PCR DNA and Gel Band 

Purification kit (Millipore Sigma) and digested with BamHI and XhoI (Promega). The digested 

PCR products were inserted into pENTR11, previously digested with BamHI/XhoI, using T4 

DNA ligase (New England BioLabs) and the resulting plasmids were transformed into 

eletrocompetent E. coli DH5α. Plasmid DNA was purified using the Wizard Plus Minipreps 

DNA Purification System (Promega) and the obtained constructs were confirmed by restriction 

enzyme digestion, PCR amplification and sequencing. The recombinant entry plasmids were 

transferred to the destination vectors pSITE-nEYFP-N1 and pSITE-cEYFP-N1 by 

recombination using Gateway LR Clonase II Enzime mix (Invitrogen) and cloned into E. coli 

DH5α. Plasmid DNA was purified, and recombinant plasmids were confirmed by restriction 

endonuclease digestion and PCR amplification. 

 

5. Comparison of capsid protein sequences 

 A total of 17 geminivirus capsid protein sequences were aligned with the CP sequence 

of SiYSV. These sequences belong to the three existing maldoviruses and 14 (four OW and 10 

NW) begomoviruses (Table 3). The sequences were aligned using the MUSCLE algorithm 

implemented in MEGA X (Kumar et al., 2018). 
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6. Phylogenetic analysis 

 To infer potential vectors of SiYSV, a phylogenetic analysis was conducted based on 

the amino acid sequences of the CP. A data set containing 62 viruses from all 14 genera of the 

family Geminiviridae was used for the analysis (Table 3). The sequences were aligned using 

the MAFFT algorithm (Katoh et al., 2012) implemented on the program RaxML (Stamatakis, 

2006) and the phylogenetic tree was constructed using the maximum likelihood method.  

 

7. Plasmid constructs for subcellular localization, interaction and silencing suppression 

assays  

 The coding sequences of each SiYSV-encoded protein were amplified by PCR using 

the primers listed on Table 1. The primers included cloning sites for the pENTR11 vector 

(Invitrogen). The PCR products were purified using the Illustra GFX PCR DNA and Gel Band 

Purification kit (Millipore Sigma). Then, the amplified fragments of the Rep, REn, AC4, CP 

and AV2 genes were digested with BamHI and XhoI (Promega), while BamHI and EcoRV 

(Promega) were used to digest the amplified TrAP fragment. The digested PCR products were 

inserted into the entry vector pENTR11 (previously digested by a combination of BamHI/XhoI 

or BamHI/EcoRV enzymes) using T4 DNA ligase (New England BioLabs) and the resulting 

plasmids were transformed into eletrocompetent Escherichia coli DH5α. Plasmid DNA was 

purified using the Wizard Plus Miniprep DNA Purification System (Promega). All obtained 

constructs were confirmed by restriction enzyme digestion, PCR amplification and sequencing. 

The resulting entry plasmids were then transferred to different destination vectors by 

recombination using Gateway LR Clonase II Enzime mix (Invitrogen), and the recombinant 

destination vectors were transformed into E. coli DH5α. Plasmid DNA was purified, and the 

recombinant plasmids were again confirmed by restriction endonuclease digestion and PCR 

amplification. All reactions were performed following the manufacture's recommendations. 
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 For the subcellular localization assay, each coding region was transferred from the entry 

vector pENTR11 to the pk7FWG2 vector, generating the following recombinant constructs: 

pk7FWG2:Rep (Rep-GFP), pk7FWG2:REn (REn-GFP), pk7FWG2:TrAP (TrAP-GFP), 

pk7FWG2:AC4 (AC4-GFP), pk7FWG2:CP (CP-GFP) and pk7FWG2:AV2 (AV2-GFP). 

 The pSITE-nEYFP-N1 and pSITE-cEYFP-N1 vectors, which contain the N-terminal 

(nYFP) and C-terminal (cYFP) region of YFP, respectively, were used for bimolecular 

fluorescence complementation (BiFC) experiments. The SiYSV CP cloned into pENTR11 was 

transferred to pSITE-nEYFP-N1 and pSITE-cEYFP-N1, resulting in CP-nYFP and CP-cYFP. 

 Finally, for the silencing suppression assay, the coding regions of TrAP, AC4 and CP 

cloned into pENTR11 were recombined into the pART27-HA vector. 

 

8. Agroinfiltration 

 All subcellular localization, silencing suppression and interaction assays were 

performed by transient protein expression in N. benthamiana. Agrobacterium tumefaciens 

strain GV3101 cells were transformed with the constructs of interest using standard methods 

(Martin et al., 2009). Transformed cells were grown in LB medium supplemented with specifics 

antibodies for 48 h at 28ºC. Then, cells were resuspended in infiltration buffer (10 mM MgCl2, 

10 mM MES, 150 µM acetosyringone) for a final OD600 of 1.0 for both individual and co-

infiltrated constructs. Cells were kept at room temperature for 1 to 2 h and then agroinfiltration 

was performed at the abaxial surface of leaves using a 1 ml syringe without the needle. The 

plants were kept in a growth chamber at 22ºC under long-day conditions (16 h light/8 h dark) 

throughout the experiment. 
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9. Bimolecular fluorescence complementation (BiFC) assay 

 Interaction between the SiYSV CP and the endosymbiont chaperonin GroEL was 

investigated in N. benthamiana using a BiFC assay.  

 The pSITE-nEYFP-N1 and pSITE-cEYFP-N1 vectors containing the coding sequence 

of SiYSV CP and the GroEL gene of the endosymbionts Portiera and Hamiltonella were used 

to transform A. tumefaciens GV3101 (Wise et al., 2006).  

 N. benthamiana plants with two to four expanded leaves were agroinfiltrated with the 

following combinations: pSITE-nEYFP-N1-PGroEL + pSITE-cEYFP-CP, pSITE-nEYFP-N1-

HGroEL + pSITE-cEYFP-CP, pSITE-nEYFP-N1-CP + pSITE-cEYFP-PGroEL, and pSITE-

nEYFP-N1-CP + pSITE-cEYFP-HGroEL. Agroinfiltration of the empty pSITE-nEYFP-N1 + 

pSITE-cEYFP-CP was used as a negative control, and the nuclear-localized protein AtWWP1 

(Calil et al., 2018) was used as a control of the inoculation. All combinations were co-inoculated 

with the potyvirus silencing suppressor protein HC-Pro (Anandalakshmi et al., 1998). 

Fluorescence was observed at 48 and 72 h in a LSM 510 META laser scanning confocal 

microscope (Carl Zeiss). A wavelength of 488 nm was used for YFP excitation, and emission 

was detected using a 500-530 nm filter. Excitation of mCherry was at 540 nm and emission was 

detected at 608-680 nm. All collected images were analyzed with the Zeiss LSM Image 

Browser 4.2 software. 

 

10. Subcellular localization assay 

 Four-week-old N. benthamiana leaves were co-infiltrated with A. tumefaciens GV3101 

cells expressing each construct of interest, the nuclear-localized protein AtWWP1 (Calil et al., 

2018), the membrane-localized protein AtPIP2A (Cutler et al., 2000), both fused to mCherry, 

and the potyvirus silencing suppressor HC-Pro (Anandalakshmi et al., 1998). Fluorescence was 

observed at 2 and 3 days post-infiltration (dpi) under a LSM 510 META laser scanning confocal 
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microscope (Carl Zeiss). A wavelength of 488 nm was used for YFP excitation, and emission 

was detected using a 500-530 nm filter. Excitation of mCherry was at 540 nm and emission was 

detected at 608-680 nm. All collected images were analyzed with the Zeiss LSM Image 

Browser 4.2 software. 

 

11. Silencing suppression assay 

 Colonies of A. tumefaciens GV3101 were transformed with constructs expressing AC4, 

TrAP and CP. In this experiment, the empty vector pART27-HA:Ø and a vector expressing 

HC-Pro (pK7WG2:HC-Pro) were used as negative and positive controls, respectively. Each 

culture was co-infiltrated in N. benthamiana plants together with the construct pK7WG2:GFP, 

which directs the expression of GFP in the absence of RNA silencing (Johansen and Carrington, 

2001; Llave et al., 2000). Leaves were observed under UV light at 3 and 5 dpi. 

 

RESULTS 

 

1. Host range of SiYSV 

To determine whether SiYSV is capable of infecting hosts other than S. acuta, several 

plant species belonging to the families Solanaceae and Malvaceae were inoculated by biolistics 

(Table 4).  

SiYSV could not infect the model plant N. benthamiana nor N. tabacum TNN, and 

neither tomato (Solanum lycopersicum) or cotton (Gossypium hirsutum) plants. However, 

SiYSV successfully infected okra plants (Abelmoschus esculentum), causing yellow mosaic and 

leaf deformation (Figure 2). 
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2. Whitefly transmission 

 As the CP of SiYSV is highly divergent, we hypothesized that this virus may not be 

transmitted, or transmitted with low efficiency, by the whitefly vector. To test this hypothesis, 

a transmission experiment was conducted using viruliferous B. tabaci MEAM1 and long (72 h) 

AAP/IAP.  

 Oxalis yellow vein virus (OxYVV), which has a typical begomovirus CP, was 

efficiently transmitted to young S. acuta plants, causing symptoms of yellow mosaic and vein 

yellowing (Figure 3). On the other hand, SiYSV was not detected, either by symptom 

observation or PCR, in any of the 65 plants in which the whiteflies that fed on SiYSV-infected 

plants were maintained (Table 5). Therefore, we concluded that SiYSV is not transmitted by B. 

tabaci MEAM1. 

 

3. Interaction between SiYSV-CP and GroEL 

 First, the endosymbionts occurring in individuals of B. tabaci MEAM1 colonies used 

throughout this work were identified by PCR as Portiera, Hamiltonella, Rickettsia, Wolbachia 

and Fritchea (data not shown). The primary endosymbiont Portiera and the secondary 

endosymbiont Hamiltonella were chosen for the interaction assay. The complete coding 

sequence of Portiera's and Hamiltonella's GroEL gene was cloned into pENTR11 followed by 

recombination into pSITE-nEYFP-N1 and pSITE-cEYFP-N1. The same procedures were 

performed for the SiYSV CP. The recombinant constructs were transiently expressed in N. 

benthamiana leaves. 

 The yellow fluorescence resulting of the complementation of nYFP and cYFP was not 

observed in any treatment (Figure 4), indicating that the SiYSV CP did not interact either with 

Portiera's or with Hamiltonella's GroEL.  
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4. Capsid protein (CP) sequence comparisons 

Even though B. tabaci MEAM1 is the predominant vector of begomoviruses in Brazil, 

B. tabaci Mediterranean (MED) is being increasingly detected in open fields (Moraes et al., 

2018; Xavier et al., 2021). Previous studies have shown that at amino acid residue 93 located 

between two conserved regions in the CP, GCEGPCKVQS and LYMACTHASN, the B. tabaci 

MED-non transmissible viruses have a valine, while B. tabaci MED-transmissible viruses have 

an isoleucine (Gautam et al., 2022). An alignment of the CP sequence of SiYSV with 17 other 

geminiviruses, including maldoviruses and begomoviruses, showed that SiYSV has a valine at 

residue 93 (Figure 5), which is an indicative that this virus may not be transmitted by B. tabaci 

MED as well.  

The region responsible for the interaction between CP and GroEL has been mapped to 

the N-terminal portion of the protein (Morin et al., 1999). It was reported that the substitution 

R19L disrupts the interaction between these two proteins and prevents TYLCV transmission 

(Hogenhout et al., 2008). The CP sequence alignment showed that SiYSV has an isoleucine 

instead of an arginine at residue 19 (Figure 5), which is consistent with the lack of interaction 

between the SiYSV CP and GroEL (Figure 4) and would explain why this virus is not 

transmitted by B. tabaci MEAM1 (Table 5). 

 

5. Phylogenetic inference of an insect vector 

 Geminiviruses transmitted by the same vector have related CP's (Bahder et al., 2016; 

Briddon et al., 1990). Since SiYSV was not transmitted by B. tabaci MEAM1, a phylogenetic 

tree based on the deduced amino acid sequence of the CP of 62 geminiviruses, representing all 

14 genera in the family, was constructed to infer a possible insect vector for SiYSV. 

 The phylogenetic tree (Figure 6) shows that geminiviruses form clusters corresponding 

to each genus of the family Geminiviridae. These well supported clusters have a clear 
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association with the respective insect vector. However, an exception occurs with SiYSV, which 

belongs to the genus Begomovirus but whose CP is more closely related to those of members 

of the genus Maldovirus. Unfortunately, the natural vector of these viruses has not yet been 

identified (Roumagnac et al., 2021).  

 

6. Subcellular localization of SiYSV-encoded proteins 

 To gain insights into the functions of the proteins encoded by SiYSV, especially the role 

of the CP, their subcellular localizations were analyzed. The complete coding sequences of the 

six proteins encoded by the DNA-A were cloned into pENTR11 followed by recombination 

into the pK7FWG2 vector, which then expresses the viral protein fused to GFP. The 

recombinant proteins were transiently expressed in N. benthamiana leaves together with 

AtPIP2A, a protein localized at the plasma membrane, and AtWWP1, a nuclear localized 

protein. Fluorescent signals were observed at 48 hpi by confocal microscopy. 

 The subcellular localization of SIYSV-encoded proteins was consistent with previous 

studies with TYLCV (Li et al., 2020; Wang et al., 2022). Rep was found in the nucleus, but a 

few granules could be observed in the cytoplasm (Figure 7). TrAP, REn and CP were observed 

in the nucleus, which correlates to the fact that most of the virus infection cycle, including the 

steps of DNA replication, transcription of viral genes and encapsidation, occur in this cellular 

compartment. On the other hand, AC4 was mainly distributed in the plasma membrane, which 

was previously reported for other geminiviruses (Medina-Puche et al., 2021), and AV2 appears 

to be located at the nucleus, the membrane and the endoplasmic reticulum. The pattern observed 

for these two proteins could be explained by their putative roles in viral movement. 
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7. RNA silencing suppression 

 Considering the multifunctionality of begomovirus proteins and the ability of these 

viruses to suppress host antiviral responses, we tested whether the SiYSV-encoded AC4 and 

TrAP, which have been shown to be silencing suppressors for other begomoviruses, and also 

the CP, could suppress post-transcriptional RNA silencing in N. benthamiana. Firstly, these 

viral ORFs were cloned into pENTR11 and then recombined into pART27-HA. N. 

benthamiana leaves were co-infiltrated with GFP and each protein of interest, and fluorescence 

was observed under UV light at 3 and 5 dpi. 

 While HC-Pro, a known potyviral silencing suppressor, was able to prevent GFP 

silencing, none of the three SiYSV proteins analyzed showed any silencing activity at either 

time point (Figure 8). This indicates that SiYSV may not evade plant defense responses by 

suppression of post-transcriptional RNA silencing (PTGS). 

 

DISCUSSION 

 

In the last decades, a considerable number of new begomoviruses have emerged and 

many of them have been found in non-cultivated plants. These plants are considered as 

reservoirs of viral diversity and of new viruses which could spillover and cause diseases in 

crops (Castillo-Urquiza et al., 2008; Ferro et al., 2017; Fiallo-Olivé et al., 2012; García-Arenal 

and Zerbini, 2019; Tavares et al., 2003). Recently, our research group described a new 

begomovirus, Sida yellow spot virus (SiYSV), infecting the non-cultivated plant S. acuta. 

Interestingly, SiYSV encodes a highly divergent CP. Due to the conserved nature of the 

begomovirus CP, this has raised our interest about the biology of this virus. 

 We first investigated whether SiYSV could infect other plants besides its natural host. 

Despite being unable to infect tomato, cotton, N. tabacum and the model plant N. benthamiana, 
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SiYSV infected okra plants, demonstrating that it can infect cultivated hosts. Notably, okra 

belongs to the same plant family than Sida acuta (Malvacea). Most plant viruses have a host 

range restricted to plants of one or two families, although there are some, such as cucumber 

mosaic virus and tomato spotted wilt virus, that have extremely wide host ranges encompassing 

more than one thousand plant species in dozens of plant families (Jacquemond, 2012; Parrella 

et al., 2003). It would be advisable to evaluate additional hosts from other families to unveil the 

extent of SiYSV's host range, and whether it may be a threat to other economically important 

crops besides okra.  

 Since the CP is the only viral protein required for acquisition and transmission by the 

insect vector (Azzam et al., 1994) and is responsible for vector specificity (Briddon et al., 1990), 

we hypothesized that SiYSV may not be transmitted by species of the B. tabaci complex. Thus, 

a transmission assay using B. tabaci MEAM1 was performed, and indeed SIYSV was not 

transmitted to any of the inoculated plants.  

 As mentioned before, B. tabaci is a cryptic species complex which currently contains 

39 species (Boykin et al., 2017; Vyskočilová et al., 2018). Several of these species are restricted 

to specific geographical regions, but B. tabaci MEAM1 has spread worldwide and is the main 

species responsible for begomovirus epidemics in most countries (Gilbertson et al., 2015). This 

polyphagous, highly invasive species was introduced in Brazil in the early 1990's (Lourenção 

and Nagai, 1994), quickly displaced the indigenous species B. tabaci NW1 and NW2 (Ribeiro 

et al., 1998; Rocha et al., 2011), and is now prevalent in the country (Moraes et al., 2018; Xavier 

et al., 2021). However, a second invasive species, B. tabaci MED, was recently introduced 

(Barbosa et al., 2015) and since its first report it has quickly spread through the south and 

southeast regions of Brazil (Bello et al., 2021; De Marchi et al., 2017; Xavier et al., 2021). 

Thus, it is possible that SiYSV could be transmitted by B. tabaci MED.  
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 Gautam et al. (2022) compared the CP amino acid sequences of MED-transmissible and 

MED-non-transmissible begomoviruses from both the NW and the OW. At residue 93, the 

MED-non-transmissible viruses have a valine, which is also the case for SiYSV. This suggests 

that B. tabaci MED may not be a vector for SiYSV, although biological experiments need to 

be perform to confirm this hypothesis. 

 Begomovirus transmission by B. tabaci depends on the interaction of the viral CP and 

the whitefly GroEL protein. Previous studies have mapped the N-terminal region of the CP as 

responsible for the interaction with GroEL (Fondong, 2013; Hogenhout et al., 2008). A single 

amino acid mutation in this region, a substitution of an arginine by leucine at position 19, 

disrupts the interaction between the tomato yellow leaf curl virus (TYLCV) CP and GroEL, 

preventing virus transmission by the insect (Yaakov et al., 2011). Our comparison of CP amino 

acid sequences revealed that SiYSV has an isoleucine at residue 19. Isoleucine is an isomer of 

leucine with the same physico-chemical properties, which is consistent with the results of our 

transmission assay indicating that SiYSV is not transmitted by B. tabaci MEAM1.  

 Gottlieb et al. (2010) showed that the TYLCV CP interacts with the GroEL protein 

synthesized by the secondary endosymbiont Hamiltonella, but not with the GroEL produced by 

Portiera and Rickettsia. Furthermore, it has been shown that the prevalence of Hamiltonella in 

B. tabaci MED populations is associated with increased virus transmission (Bello et al., 2019). 

Thus, we evaluated whether the SiYSV CP would interact with the GroEL proteins from 

Hamiltonella and Portiera. The observed lack of interaction between the SiYSV CP and the 

GroEL proteins from both endosymbionts is consistent with the inability of B. tabaci MEAM1 

to transmit SiYSV and also with the sequence analysis indicating that the virus may not be 

transmitted by B. tabaci MED as well.  

 Although the results of our transmission and BiFC assays as well as sequence analyses 

all indicate that SiYSV is not transmissible by at least two B. tabaci species (MEAM1 and 
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MED), several studies have indicated that begomovirus transmission may not occur for all 

whitefly/virus combination (De Marchi et al., 2017; Fiallo-Olivé et al., 2020; Jiu et al., 2006; 

Li et al., 2010; Liu et al., 2009; Pan et al., 2018). Thus, while the invasive B. tabaci 

MEAM1/MED (which did not co-evolve with the indigenous SiYSV) cannot/may not transmit 

this virus, it is not unreasonable to assume that indigenous whitefly species such as B. tabaci 

NW1 and NW2 could be capable of transmitting it. Transmission assays using indigenous 

whitefly species should be carried out before we can definitely establish that SiYSV is not 

whitefly-transmitted.  

  Within the family Geminiviridae, members of different genera have different types of 

insect vectors, and this is related with their CP sequences. Vector specificity based on the CP 

was demonstrated in a classic experiment in which exchange of the CP between a whitefly- and 

a leafhopper-transmitted virus changed the vector specifity of each virus (Briddon et al., 1990). 

More recently, phylogeny of the CP was used to correctly infer the possible vector of a new 

geminivirus (grapevine red blotch virus, a member of the genus Glabrovirus) as a treehopper 

(Bahder et al., 2016). We therefore constructed a phylogenetic tree based on the deduced amino 

acid sequences of the CP of SiYSV plus 62 geminiviruses classified in all 14 genera of the 

family. As expected based on its divergent CP, SiYSV did not cluster with members of the 

genus Begomovirus. Its closest relationship was found to be with the three members of the 

genus Maldovirus, which unfortunately have not had their insect vectors identified yet. 

Together, our results indicate that the search for an insect vector (either an indigenous B. tabaci 

species or a different type of insect) must continue before we can claim that SiYSV does not 

have a natural vector. 

As much as the search for a natural vector must continue, SiYSV can certainly be 

transmitted by vegetative propagation. Another possibility that should be considered is trans-

encapsidation.  
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Trans-encapsidation is the term used for the complete dependence on the capsid protein 

of a helper virus to encapsidate the genome of the dependent virus (Singhal et al., 2021). There 

are several examples of trans-encapsidation occurring in nature. The most well known is trans-

encapsidation of the umbravirus groundnut rosette virus (GRV) and its satellite RNA by the 

luteovirus groundnut rosette assistor virus (GRAV). Umbraviruses do not encode a capsid 

protein and thus depend on a helper virus for encapsidation and, in the case of the GRV/GRAV 

system, aphid transmission. The same occurs with begomovirus-associated DNA satellites 

(alpha- and betasatellites). Alphasatellites encode a replication-associated protein and 

betasatellites encode a suppressor of gene silencing, however, both depend on a helper virus for 

encapsidation and whitefly transmission (Zhou, 2013). For trans-encapsidation to occur, both 

viruses (and satellites) must be in a mixed infection. In fact, mixed infections seem to be the 

rule rather than the exception for plant viruses (Singhal et al., 2021), and some non-cultivated 

plants such as Macroptilium and Sida spp. are reservoirs of virus diversity, co-hosting many 

different viruses (García-Arenal and Zerbini, 2019; Roye et al., 1997; Tavares et al., 2012). 

Indeed, the Sida acuta plants from which SiYSV was isolated also harbour two additional 

begomoviruses, Oxalis yellow vein virus (OxYVV) and Sida golden yellow mosaic virus 

(SiGYMV) (Godinho, 2014). Although SiGYMV also encodes a divergent CP, OxYVV encode 

a typical begomovirus CP (Xavier, 2015). Thus, it is not unreasonable to assume that SiYSV 

can be transmitted by trans-encapsidation with the OxYVV CP. 

Understanding the function of viral proteins is a key component of a virus biological 

characterization. Since protein function is intrinsically related to its localization in the cell, we 

investigated the subcellular localization of SiYSV-encoded proteins. Our results were 

consistent to what was expected for each protein based on results with other begomoviruses 

(Hanley-Bowdoin et al., 2013). When DNA viruses infect their host cells, their DNA 

component (or components) are directed to the nucleus where transcription and replication of 
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the viral DNA occurs. Rep is essential for the rolling circle replication as it recognize the origin 

of replication (Fontes et al., 1994), cleaving the DNA strand and providing the free 3'-hydroxyl 

necessary for the host DNA polymerase to start replicating the viral DNA (Laufs et al., 1995; 

Orozco et al., 1997). REn is not essential for replication, but it interacts with Rep enhancing the 

process (Pedersen and Hanley-Bowdoin, 1994; Settlage et al., 1996; Sunter et al., 1990). 

Therefore, it would be expected that both SiYSV Rep and REn localize at the nucleus, which 

they did. In turn, TrAP acts as a transcriptional activator of the late genes involved in 

encapsidation (CP) and movement (NSP) (Saunders and Stanley, 1995; Sunter and Bisaro, 

1997). SiYSV TrAP also localized to the nucleus, as expected since this is where transcription 

occurs. 

The begomovirus CP contain a nuclear localization signal (NLS) and it also binds 

ssDNA, directing the viral DNA to the nucleus (Kunik et al., 1998; Rojas et al., 2001). Also, 

the nucleus is the site where both newly-synthesized ssDNA and CP accumulate for genome 

encapsidation (Gutierrez, 1999; Saunders et al., 1991), and is the only site in the cell where 

viral particles accumulate (Kim et al., 1978). The fact that the SiYSV CP also localizes to the 

nucleus suggests that, despite its high sequence divergence, it behaves as expected for a typical 

begomoviral CP. 

The SiYSV AC4 protein was found to localize to the plasma membrane (PM), also as 

reported for other geminiviruses. The C4/AC4 proteins can concentrate at the plasmodesmata 

(PD), which provides membrane and cytoplasm continuity between cells (Carluccio et al., 2018; 

Medina-Puche et al., 2021; Rosas-Diaz et al., 2018). The presence of this protein at the PM and 

plasmodesmata seems to be related to its role in viral movement (Jupin et al., 1994; Teng et al., 

2010). The presence of C4/AC4 is also associated to its interaction with receptor-like kinases 

and interfering with their activities. The TYLCV C4 was shown to interact with the protein 

BAM1 (BARELY ANY MERISTEM 1), which is also located at the PM and PD, inhibiting 
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the intercellular movement of silencing signals (siRNAs) usually promoted by BAM1 (Medina-

Puche et al., 2021; Rosas-Diaz et al., 2018).  

The AV2/V2 protein is supposedly encoded only by OW begomoviruses (Padidam et 

al., 1996; Rybicki, 1994), however an AV2 ORF is present in the DNA-A of SiYSV (Xavier, 

2015). Our subcellular localization assay has shown that the SiYSV AV2 localizes to the PM, 

the nucleus and apparently also to the endoplasmic reticulum (ER). Previous studies have 

shown that this protein has similar functions as AC4/C4, being involved in viral movement, 

symptom development and suppression of host defense responses (Padidam et al., 1996; Rojas 

et al., 2001). Therefore, it is not unexpected that AV2 displays a similar localization pattern as 

AC4. Moreover, Moshe et al. (2015) showed that the TYLCV V2 and CP co-localize at the 

nucleus and that V2 appears to participate in the CP-mediated transport of viral DNA into the 

nucleus. Concerning the ER localization of AV2, it may also be related with its role in viral 

movement. Many viral MPs associate with actin filaments and myosin motor proteins to 

facilitate their movement along the ER to the plasmodesmata (Harries et al., 2010; Moshe et 

al., 2015; Niehl et al., 2014). 

In order to successfully infect its hosts, viruses have to evade their defense responses. 

The main plant defense response against viruses is RNA silencing. Viruses evolved strategies 

to overcome this response, encoding suppressors of RNA silencing. Thus, we tested whether 

SiYSV AC4, TrAP and CP acted as RNA silencing suppressors. AC4 and TrAP were shown to 

be suppressors of RNA silencing for other begomoviruses (Vanitharani et al., 2004), and we 

tested the CP due to its divergent nature. Surprisingly, none of them showed any suppression 

activity, indicating either that SiYSV does not evade plant defense responses by suppression of 

post-transcriptional RNA silencing (PTGS) or that a different viral protein acts as a suppressor. 

Moreover, our results do not exclude the possibility that, similarly to other viruses, SiYSV may 
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overcome RNA silencing by decreasing viral DNA methylation, thus affecting small interfering 

RNAs (siRNAs) accumulation (Yang et al., 2013). 

The present work showed that the SiYSV can infect cultivated hosts and that the SiYSV-

encoded proteins display subcellular localizations identical to those of other begomoviruses. 

The inability of B. tabaci MEAM1 to transmit SiYSV may be related to the lack of interaction 

between its CP and GroEL. 
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Table 1. Primers used for PCR amplification of viral and endosymbiont genes and cloning into 

the pENTR11 vector. Restriction sites present in some of the primers are highlighted in bold.  

Primer name Primer sequence Restriction enzyme 

SiY-2F 5’-GAGTTATCCCTATGTCCCCC-3’ - 

SiY2-R 5’-GAGAATGGCGTCTATACCTGG-3’ - 

Rep FW 5'-GGGGGATCCGGATGGGTACAAGTTACATT-3' BamHI 

Rep RV 5'-TTTCTCGAGAACGGCGAATTCCTCTCTTC-3' Xho I 

CP FW 5'-GGGGGATCCATATGGATTACAGGAAG-3' BamHI 

CP RV 5'-GGGCTCGAGAATGAATATCCAGATACG-3' Xho I 

Trap FW 5'-GGGGGATCCGGATGCTAAATTCATCT-3' BamHI 

Trap RV 5'-GGGGATATCAAATTAAATAAGTCGTT-3' EcoRV 

C4 FW 5'-GAGGGATCCAAATGAAAATGGGGAGC-3' BamHI 

C4 RV 5'-GGACTCGAGAAGTATATTGAGGGCCT-3' Xho I 

Ren FW 5'-AAAGGATCCAAATGGATTCACGCACAGGG-3' BamHI 

Ren RV 5'-GGGGCTCGAGGGATAAAGCTTGAATTTTAT-3' Xho I 

AV2-like FW 5'-TTAGGATCCAAATGAGAGTGCGCGTT-3' BamHI 

AV2-like RV 5'-GGGCTCGAGAATTCGTCAATCGAAAC-3' Xho I 

GroEL Portiera FW 5'-GGGGGATCCAAATGGCAGCAAAACA-3' BamHI 

GroEL Portiera RV 5'-GGGCTCGAGGGAGATCTCATACCATT-3' Xho I 

GroEL Hamiltonella FW 5'-GGGGGATCCGAATGGCAGCTAAAGACTTA-3' BamHI 

GroEL Hamiltonella RV 5'-GGGCTCGAGGACATCATACCATTCATTCC-3' Xho I 
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Table 2. Primers used for identification of whitefly endosymbionts. 

Endosymbiont Primer name Primer sequence  Reference 

Portiera Port16S (FW) 5'-CGCCCGCCGCGCCCCGCGCCCGTCCC 
GCCGCCCCCGCCCG-3' 

Muyzer et al. 
(1996) 

 Port16S (RV) 5'-CCGTCAATTCMTTTGAGTTT-3'  

Rickttesia Rick16S (FW) 5'-GCTCAGAACGAACGCTATC-3' 
Gottlieb et al. 
(2006) 

 Rick16S (RV) 5'-GAAGGAAAGCATCTCTGC-3'  

Hamiltonella Ham16S (FW) 5'-TGAGTAAAGTCTGGAATCTGG-3' 
Zchori-Fein and 
Brown (2002) 

 Ham16S (RV) 5'-AGTTCAAGACCGCAACCTC-3'  

Wolbachia Wol16S (FW) 5'-CGGGGGAAAAATTTATTGCT-3' Heddi et al. (1999) 

 Wol16S (RV) 5'-AGCTGTAATACAGAAAGTAAA-3'  

Arsenophonus Ars23S (FW) 5'-CGTTTGATGAATTCATAGTCAAA-3' 
Thao and Baumann 
(2004) 

 Ars23S (RV) 5'-GGTCCTCCAGTTAGTGTTACCCAAC-3'  

Cardinium Cardi16S (FW) 5'-GCGGTGTAAAATGAGCGTG-3' Weeks et al. (2003) 

 Cardi16S (RV) 5'-ACCTMTTCTTAACTCAAGCCT-3'  
Fritchea Frit23S (FW) 5'-GATGCCTTGGCATTGATAGGCGATG 

AAGGA-3' 
Everett et al. 
(2005) 

  Frit23S (RV) 5'-TGGCTCATCATGCAAAAGGCA-3'  

 



72 
 

 

Table 3 - Geminivirus sequences retrieved from GenBank. 

Genus Species Acronym Access number Vector Origin 

Becurtovirus Beet curly top Iran virus BCTIV EU273818 Circulifer haematoceps 
(Cicadellidae) 

OW 

Spinach curly top Arizona virus SCTAV HQ443515 C. haematoceps OW 

Exomis microphylla latent virus EMLV NC_037065 C. haematoceps OW 
Begomovirus Abutilon mosaic Brazil virus AbMBV NC_016574 Bemisia tabaci 

(Aleyrodidae) 
NW 

Abutilon mosaic virus AbMV NC_001928 B. tabaci NW 

Bean golden mosaic virus BGMV NC_004042 B. tabaci NW 

Blainvillea yellow spot virus BlYSV NC_010837 B. tabaci NW 

Cotton leaf crumple virus CLCrV NC_004580 B. tabaci NW 

Euphorbia mosaic virus EuMV NC_008304 B. tabaci NW 

Euphorbia yellow mosaic virus EuYMV NC_012553 B. tabaci NW 

Oxalis yellow vein virus OxYVV NC_026253 B. tabaci NW 

Passionfruit severe leaf distortion virus PSLDV NC_012786 B. tabaci NW 

Sida golden mosaic virus SiGMV NC_002046 B. tabaci NW 

Sida yellow leaf curl virus SiYLCV NC_038461 B. tabaci NW 

Sida yellow mosaic virus SiYMV NC_004639 B. tabaci NW 

Sweet potato leaf curl virus SPLCV NC_004650 B. tabaci NW 

Tomato common mosaic virus ToCmMV NC_010835 B. tabaci NW 

Tomato rugose mosaic virus ToRMV NC_002555 B. tabaci NW 

Tomato severe rugose virus ToSRV NC_009607 B. tabaci NW 

Tomato yellow spot virus ToYSV NC_007726 B. tabaci NW 

African cassava mosaic virus ACMV FN668378 B. tabaci OW 

Ageratum yellow vein virus AYVV NC_004090 B. tabaci OW 

Corchorus golden mosaic virus CoGMV NC_009644 B. tabaci OW 

East African cassava mosaic virus EACMV NC_004674 B. tabaci OW 

Indian cassava mosaic virus ICMV NC_001932 B. tabaci OW 

Ludwigia yellow vein virus LuYVV NC_007210 B. tabaci OW 

 Sauropus leaf curl virus SaLCV NC_038455 B. tabaci OW 

 Tomato yellow leaf curl virus TYLCV NC_004005 B. tabaci OW 

 Watermelon chlorotic stunt virus WmCSV NC_003708 B. tabaci OW 
Capulavirus Alfalfa leaf curl virus ALCV KP732474 Aphis craccivora 

(Aphididae) 
OW 

 French bean severe leaf curl virus FbSLSV JX094280 Not identified OW 

 Euphorbia caput-medusae latent virus EcmLV HF921459 A. craccivora OW 

 

Plantago lanceolata latent virus PlLV KT214389 Dysaphis plantaginea 

(Aphididae) 
OW 

Citlodavirus Camellia chlorotic dwarf-associated 

virus 

CaCDaV MG452759 Not identified OW 

 

Citrus chlorotic dwarf associated virus CCDaV  MT683770  Parabemisia myricae 
(Aleyrodidae) 

OW 

 Paper mulberry leaf curl virus 2 PMLCV2 MN595128 Not identified OW 

 Passion fruit chlorotic mottle virus PFCMV NC_040706 Not identified OW 
Curtovirus Beet curly top virus BCTV NC_001412 Leafhoppers 

(Cicadellidae) 
OW 

 

Horseradish curly top virus HCTV NC_002543 Leafhoppers 
(Cicadellidae) 

OW 

 

Spinach severe curly top virus SpSCTV NC_014631 Leafhoppers 
(Cicadellidae) 

OW 
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Table 3 (cont.) 

Eragrovirus Eragrostis curvula streak virus ECSV NC_012664 Not identified OW 
Grablovirus Grapevine red blotch virus GRBV NC_022002 Spissistilus festinus 

(Membracidae) 
NW 

Prunus latent virus PrLV NC_043533 S. festinus  NW 
Wild vitis latent virus WvLV NC_035480 S. festinus  NW 

Maldovirus Apple geminivirus 1 AG1 KM386645 Not identified OW 
Grapevine geminivirus A GGA KX570607 Not identified OW 
Juncus maritimus geminivirus 1 JMG1 MG001958 Not identified OW 

Mastrevirus Chickpea chlorotic dwarf virus CpCDV NC_011058 Leafhoppers 
(Cicadellidae) 

OW 

Maize streak virus MSV NC_001346 Leafhoppers 
(Cicadellidae) 

OW 

Maize striate mosaic virus MSMV NC_040541 Leafhoppers 
(Cicadellidae) 

OW 

Oat dwarf virus ODV NC_010799 Leafhoppers 
(Cicadellidae) 

OW 

Sugarcane chlorotic streak virus SCSV NC_032004 Leafhoppers 
(Cicadellidae) 

OW 

Tobacco yellow dwarf virus TYDV NC_003822 Leafhoppers 
(Cicadellidae) 

OW 

Mulcrilevirus Mulberry crinkle leaf virus MCLV MW741881 Tautoneura mori 

(Cicadellidae) 
OW 

Paper mulberry leaf curl virus 1 PMLCV1 MN595125 Not identified OW 
Opunvirus Opuntia virus 1 OV1 NC_055584 Not identified NW 
Topilevirus Tomato apical leaf curl virus TALCV MG491195 Not identified NW 

Tomato geminivirus 1 TG1 MF072689 Not identified NW 
Topocuvirus Tomato pseudo-curly top virus TPCTV NC_003825 Micrutalis malleifera 

(Membracidae) 
NW 

Turncurtovirus Turnip curly top virus TCTV NC_014324 Circulifer haematoceps 

(Cicadellidae) 
OW 

Turnip leaf roll virus TuLCV NC_029117 C. haematoceps OW 
Sesame curly top virus SeCTV MT041697 C. haematoceps  OW 
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Table 4. Results of biolistic inoculation of Sida yellow spot virus (SiYSV) in plants of the families 
Solanaceae and Malvaceae. 

Family Species/cultivar 
SiYSV ToYSV Mock 

Inf./Inoc.1 Sint.2 Inf./Inoc. Sint. Inf./Inoc. Sint. 

Solanaceae Solanum lycopersicum 'Santa Clara' 0/19  - 9/10 ym, ld,lr 0/4 - 

 Nicotiana benthamiana 0/17 - 6/8 ym, ld 0/4 - 

 Nicotiana tabacum 'TNN' 0/17 - 5/10 As 0/2 - 

Malvaceae Abelmoschus esculentum 7/17 ym, ld 0/9 - 0/4 - 

 Gossypium hirsutum 0/20 - - - 0/4 - 

 Sida acuta 6/16 ym 2/7 As 0/2 - 
1 Number of infected plants/number of inoculated plants. 
2 Symptoms on infected plants at 28 dpi: as, asymptomatic; ld, leaf deformation; lr, leaf rugosity; ym, yellow mosaic.
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Table 5. Results of whitefly (Bemisia tabaci MEAM1) 
inoculation of SiYSV and OxYVV in Sida acuta plants. 

SiYSV OxYVV Mock 

Inf./Inoc.1 Sint.2 Inf./Inoc. Sint. Inf./Inoc. Sint. 

0/65 - 5/11 vy, ym 0/6 - 
1 Number of infected plants/number of inoculated plants. 
2 Symptoms on infected plants at 48 dpi: vy, vein yellowing; ym, yellow 
mosaic.
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Figure legends 

 

Figure 1. Schematic representation of the whitefly transmission assay. (A) Aviruliferous 

whiteflies were maintained in Sida acuta plants infected with Oxalis yellow vein virus 

(OxYVV) and Sida yellow spot virus (SiYSV) for an acquisition-access period (AAP) of 72 h 

and kept at insect-free cages. After this period, (B) the whiteflies were moved to healthy S. 

acuta plants for an inoculation-access period (IAP) of 72 h. Plants were transferred to a 

greenhouse and symptom development was monitored until 40 dpi. 

 

Figure 2. Symptoms induced in Sida acuta and Abelmoschus esculentus (okra) plants, 

inoculated by biolistic with infectious clones of Sida yellow spot virus (SiYSV). Images were 

obtained at 28 days post-inoculation. 

 

Figure 3. Sida acuta plants inoculated by B. tabaci MEAM1 in the transmission assay. 

Whiteflies fed on plants infected with Oxalis yellow vein virus (OxYVV) or Sida yellow spot 

virus (SiYSV) for a period of 72 h and then were transferred to healthy plants for an inoculation-

access period (IAP) of 72 h. Whiteflies that fed on mock-inoculated plants were also transferred 

to healthy plants and these were used as negative control. The development of symptoms was 

observed until 40 dpi. Plants inoculated with OxYVV showed characteristic symptoms of 

yellow mosaic and vein yellowing while SiYSV-inoculated plants did not show any symptoms. 

 

Figure 4. BiFC assay showing no interaction between the Sida yellow spot virus (SiYSV) CP 

and the GroEL proteins of the endosymbionts Portiera (PGroEL) and Hamiltonella (HGroEL). 

N. benthamiana leaves were infiltrated with constructs expressing CP and GroEL fused to the 
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YFP N-terminus (nYFP) or C-terminus (cYFP) and then observed in a laser scanning confocal 

microscope. Images were taken at 48 hours post-inoculation. Scale bar: 20 µm. 

 

Figure 5. Comparison of capsid protein amino acid sequences of Sida yellow spot vrius 

(SiYSV), three maldoviruses and 14 begomoviruses. At amino acid residue 93 (highlighted in 

yellow), SiYSV and B. tabaci MED-nontransmissible viruses have a valine (V), whereas B. 

tabaci MED-transmissible have an isoleucine (I). At residue 19, where the mutation R19L was 

reported to disrupt the interaction between CP and GroEL (highlighted in green), SiYSV has 

an isoleucine. The underlined regions indicate conserved domains of OW and NW 

begomoviruses. 

 

Figure 6. Maximum-likelihood phylogenetic tree based on the deduced amino acid sequences 

of 62 geminiviruses including Sida yellow spot virus (SiYSV). SiYSV did not group with 

members of the genus Begomovirus. Instead, it grouped with members of the genus Maldovirus. 

 

Figure 7. Subcellular localization of Sida yellow spot virus (SiYSV)-encoded proteins fused to 

GFP at their C-terminus. N. bethamiana leaves were co-infiltrated with Rep-GFP, REn-GFP, 

TrAP-GFP, AC4-GFP, CP-GFP or AV2-GFP, and the nuclear and membrane markers 

AtWWP1 and AtPIP2A, respectively, fused to mCherry, and then observed in a laser scanning 

confocal microscope. As a negative control, leaves were infiltrated with empty vector. Images 

were taken at 48 hours post-inoculation. Scale bar: 50 µm. 

 

Figure 8. RNA silencing suppression assay. N. bethamiana leaves were co-infiltrated with 

binary vectors expressing HC-Pro and GFP in one half, and in the other half binary vectors 

expressing GFP and Sida yellow spot vrius (SiYSV) CP or AC4 or TrAP or the empty vector 
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(negative control).  These leaves were observed under UV light at 3 and at 5 days poist-

inoculation for detection of GFP fluorescence, indicative of RNA silencing suppression. No 

SiYSV proteins tested showed any sign of post-transcription RNA silencing suppression.
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Figure 4 
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Figure 6 (cont.) 
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Figure 7 (cont.) 
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Figure 8  
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GENERAL CONCLUSIONS 

 

• The preponderance of evidence indicates that SiYSV forms a typical geminivirus capsid.  

• The lack of particle visualization by TEM could be due to low viral concentration in the 

plant tissues or at the time of sampling, or the capsid may be unstable and thus could have 

been disassembled during the dehydration/fixation procedure.  

• SiYSV can infect other hosts, including a cultivated plant (okra), and thus could be a threat 

to economically important crops. 

• The inability of B. tabaci MEAM1 to transmit SiYSV is probably related to the lack of 

interaction between CP and GroEL.  

• It remains to be determined if other (indigenous) species in the B. tabaci complex can 

transmit SiYSV, or if the virus is transmitted by a different type of vector. 

 


	7064bab33813dcf839a2965cfc9b2890e00e4b07909dd372b912ab2c8c8a058d.pdf
	7064bab33813dcf839a2965cfc9b2890e00e4b07909dd372b912ab2c8c8a058d.pdf
	7064bab33813dcf839a2965cfc9b2890e00e4b07909dd372b912ab2c8c8a058d.pdf

